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The anisotropic film properties of m-plane GaN deposited by metal organic vapour phase epitaxy (MOVPE) on 
LiAlO2 substrates are investigated. To study the development of layer properties during epitaxy, the total film 
thickness is varied between 0.2 and 1.7 µm. A surface roughening is observed caused by the increased size of 
hillock-like features. Additionally, small steps which are perfectly aligned in (11-20) planes appear for samples 
with a thickness of ~0.5 µm and above. Simultaneously, the X-ray rocking curve (XRC) full width at half 
maximum (FWHM) values become strongly dependent on incident X-ray beam direction beyond this critical 
thickness. Anisotropic in-plane compressive strain is initially present and gradually relaxes mainly in the [11-20] 
direction when growing thicker films. Low-temperature photoluminescence (PL) spectra are dominated by the 
GaN near-band-edge peak and show only weak signal related to basal plane stacking faults (BSF). The measured 
background electron concentration is reduced from ~1020 cm-3 to ~1019 cm-3 for film thicknesses of 0.2 µm and 
~1 µm while the electron mobilities rise from ~20 to ~130 cm2/Vs. The mobilities are significantly higher in 
[0001] direction which we explain by the presence of extended planar defects in the prismatic plane. Such 
defects are assumed to be also the cause for the observed surface steps and anisotropic XRC broadening. 
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1 Introduction  
III-nitride semiconductor films with nonpolar surfaces are accepted as possible solution to overcome efficiency 
barriers in green and blue light emitting devices. No polarization-induced electric fields in the growth direction 
result in a better overlap of electron and hole wave functions in quantum wells [1]. This is especially helpful for 
the design of thick quantum wells or double heterostructure devices to mitigate the effects of the efficiency 
droop [2]. Limited availability of large-scale freestanding nonpolar GaN wafers as well as their high price 
favours the heteroepitaxial growth on foreign substrates. (100) LiAlO2 is an interesting option for this approach 
because of the very low lattice mismatch with m-plane (1-100) GaN.  It amounts to -1.7 % and -0.3 % in [11-20] 
and [0001] direction of GaN, respectively, giving rise to anisotropic strain in the layer [3]. In addition to that, the 
material is produced by the comparably cheap Czochralski pulling method. A major disadvantage of this 
substrate is the thermal and chemical instability which demands special care on the epitaxial process and leads to 
highly n-type doped films, most likely related to oxygen incorporation [4]. The growth of high-quality m-plane 
GaN on LiAlO2 was already reported using various techniques as molecular beam epitaxy (MBE) [5], hydride 
vapour phase epitaxy (HVPE) [6] and metal organic vapour phase epitaxy (MOVPE) [7]. However, only few 
reports contain detailed data on the anisotropic film properties [8]. In this contribution, we present an elaborate 
investigation on the development of the anisotropic crystal properties during MOVPE of m-plane GaN on 
LiAlO2. 
 
2 Experimental  
Commercially available polished 2” LiAlO2 wafers with typical surface roughness of 0.3 nm were used for 
epitaxy in AIXTRON MOVPE reactors. During growth, the samples were heated up to 900°C surface 
temperature under N2 ambient. This was followed by an exposure to NH3 for 2 min. In a second step, ~70 nm of 
GaN were deposited in N2 ambient and at equal temperature. After this sealing procedure, the main GaN film 
was grown with different thicknesses of up to 1.6 µm using H2 as carrier gas. For both steps, we chose a TMGa 
flow of 86 µmol/min, a V/III ratio of 1010, and a reactor pressure of 300 mbar which yields a typical GaN 
growth rate of 1.8 µm/h. We chose a V/III ratio of 1010 and a reactor pressure of 300 mbar. The surface 
morphology of the layers was checked with atomic force microscopy (AFM). High-resolution X-ray diffraction 
(HRXRD), X-ray rocking curve (XRC) scans, and XRD reciprocal space mapping (RSM) were employed to 
check phase purity, strain and crystal quality of the deposited material. The anisotropy of strain was determined 
by measurements of a set of symmetrical and asymmetrical reciprocal lattice points along [0001] and [11-20] 
direction. For this purpose, a number of 2Theta/Omega scans were performed for different Omega offsets with a 
Ge(220)-channel-cut crystal for incident and diffracted beam conditioning. In-plane and out-of-plane lattice 
constants were determined from the peak positions taking the distorted hexagonal crystal symmetry into account 
[9]. Beside the symmetric (1-100) reflection, we chose the (3-302), (2-203), (2-205) and the (2-1-10) and (3-1-20) 
planes for evaluation in [0001] and [11-20] direction of GaN, respectively. A low-temperature 
photoluminescence spectroscopy setup equipped with a 325 nm HeCd laser and polarization filter was used for 
optical characterization. The excitation power density in PL measurements was 1 W/cm2. Transmittance spectra 
were measured using a deuterium lamp filtered by a monochromator and polarization filter. The spectral 
resolution for all types of optical measurements was better than 0.13 nm. Electrical data were extracted by Hall 
measurements in Hall bridge geometry. 
  
3 Results and discussion  
Fig. 1 demonstrates the development of the surface morphology during the epitaxy of m-plane GaN films on 
LiAlO2. At an initial growth stage with 0.2 µm thickness, small hillocks can be seen on the surface.  
They are elongated in [11-20] direction of GaN and result in a root-mean-square (RMS) surface roughness of 
~6 nm in a 50 · 50 µm2 scan area. For thicker layers, these hillocks increase in size and enlarge the RMS 
roughness to ~32 nm for 1 µm film thickness and above. Since the hillocks are visible already from the 
beginning of the growth, we suspect this effect to be related to non-optimised nitridation and nucleation 
conditions. Recent unpublished work has shown that by variation of the nitridation parameters, the average RMS 
roughness for 1 µm thick layers can in fact be reduced to values as low as ~12 nm. Apart from these hillocks, 
small steps with perfect alignment in the (11-20) plane can be identified for all samples above a certain thickness 
which is between ~0.3 and ~0.9 µm. They appear at a constant average line density of ~6·104 cm-1 and have 
typical heights of 2-3 nm. Haskell et al. reported similar observations for HVPE-grown m-plane GaN films but 
in this case, the steps were aligned in the (0001) plane and correlated with basal plane stacking faults (BSF) [6]. 
The appearance of these steps at a certain layer thickness coincides with an abrupt increase of the XRC full 
width half maximum (FWHM) value taken with the incident X-ray beam aligned in [11-20] direction. Fig. 2 
displays the XRC FWHM data for both incident beam directions and different layer thicknesses. For very thin 
layers, we can find only little or no anisotropy of the XRC data with rocking curve widths as low as ~200 arcsec. 
In contrast, films thicker than ~0.8 µm show much broader peak widths especially in [11-20] measurement 
direction. It should be mentioned that the trend (no steps, small anisotropy) also holds for samples with ~0.5 µm 
total thickness but slightly different growth conditions. For even thicker films, the FWHM in this direction is 
reduced again. Anisotropy of the FWHM values was reported to indicate the presence of extended planar defects 
in the layer [10].  Broadened FWHM for X-ray incident beam directions along [11-20] compared to [0001] can 
be caused by prism plane defects or mosaic tilt [11]. However, it is yet unclear which mechanism is the 
dominating one here. 
A more common planar defect in nonpolar GaN films on foreign substrates is the basal plane stacking fault 
(BSF), which has been observed on both a-plane and m-plane GaN [12, 13]. A useful approach to detect a high 
density of BSF is to take XRD RSM of the (1-100) and (3-300) reflection with incident beam direction parallel 
to [0001]. BSF are known to cause strong broadening along the QX direction for the (1-100) reflection while  
(3-300) is insensitive [11]. In Fig. 3, the RSM for these reflections are displayed for a film with 1.4 µm thickness. 
The comparison of low-and high-order reflections confirms that some extension is present for the (1-100) 
reciprocal space point. However, compared to literature data this effect is rather weak indicating a relatively low 
concentration of BSF [11]. 
A modified Williamson-Hall analysis can also yield a rough estimation for the line density of BSF [14]. In our 
case, the method reveals BSF densities of ~104 cm-1 for all films with thicknesses above 0.9 µm, while for the 
very thin layers, the method does not yield any reasonable results. We may note that this number demarks the 
detection limit of this technique and does not represent an exact quantification. However, the order of magnitude 
is atypically low for direct heteroepitaxial growth of nonpolar GaN films and might be explained by the good 
substrate-lattice matching. Since the small mismatch still gives rise to residual strain in the films which might 
impact morphology and defect generation, it is interesting to have an idea about the strain development during 
growth. Fig. 4 displays the measured strain in the three crystal directions for different film thicknesses. The 
dataset contains some deviations since the measurement of asymmetric plane reflections is always hampered by 
defect-induced broadening of reciprocal lattice points. However, we still can extract some valuable information. 
The out-of-plane tensile strain in [1-100] direction originates from the large in-plane compressive strain and 
decreases for thicker layers. In [0001] direction, we find a small compressive strain component which is 
obviously mainly defined by the initial substrate-lattice mismatch and seems to be roughly unaffected by film 
thickness. In contrast to that, the lattice deviation in [11-20] exhibits a gradual decrease from its initial 
compressive strain state of -1.7% to a residual value of around -0.4% for films thicker than ~1 µm. We hence 
conclude that the major strain relaxation takes place in the [11-20] direction and roughly constant residual strain 
is present for all films above ~1 µm film thickness.  
In view of the strong increase of the XRC FWHM values, defect generation is a plausible mechanism connected 
to the relaxation process. The strain state also affects the low-temperature PL spectra which are exemplarily 
given for two films in Fig. 5. The spectra are shown for the polarization of emissions with the electric field 
vector E parallel to [11-20] GaN only, which due to crystal structure and in-plane strain is the more intense 
polarization field vector [15, 16].  
The spectrum for the 1.7 µm thick layer exhibits a very strong GaN near-band-edge (NBE) peak at 3.50 eV. A 
shoulder visible at 3.47 eV next to the GaN NBE peak might be related to exciton localization at BSF [10, 17]. 
However, since the intensity of this emission is almost one order of magnitude lower compared to the NBE, a 
relatively low density of BSF can again be expected. In comparison, the 300 nm thick layer yields a much 
weaker and broader NBE peak which is probably because of higher impurity concentration at lower film 
thickness. The RT spectra displayed in the inset of Fig. 5 exhibit a similar trend. Additionally, a broad band at 
around 550 nm is visible which is most likely similar to the yellow luminescence in c-plane GaN. This band was 
recently associated to oxygen impurities [18]. Furthermore, the peak for 300 nm GaN is shifted to higher energy, 
obviously caused by an altered strain state of the films.The trend for the valence subband energy separation and 
the absorption edge for E || [11-20] polarization for various thicknesses measured at RT are shown in Fig. 6. The 
valence subband energy separation values (E2 – E1) were determined as differences between absorption edge 
positions measured at E || [0001] and E || [11-20] polarizations. Relaxation of strain in [11-20] direction with 
increasing thickness results in decreasing of both valence subband energy separation (E2 - E1) and absorption 
edge energy E1. The lower energy difference between two upper valence subbands also leads to a lower degree 
of polarization because of stronger occupation of the second highest valence subband states. The evolution of 
polarization degree with measured strain values in [11-20] direction is displayed in the inset of Fig. 6.  
Another important property of nonpolar GaN films is the charge carrier mobility since it corresponds to crystal 
perfection and can also exhibit an anisotropic character. McLaurin et al. have reported about p-type m-plane 
GaN films with by 2-3 times higher hole mobilities in [11-20] than in [0001] direction [19]. This was explained 
by a lower effective hole mass in this direction and an anisotropic scattering mechanism near BSF. In Fig. 7, 
room-temperature Hall results of m-plane GaN layers on LiAlO2 with different thicknesses are demonstrated. 
We find that with increasing layer thickness, the background electron concentration is reduced. On the other 
hand, the in-plane electron mobility steadily increases and shows distinctly larger values in the [0001] direction.  
The decline of electron density is most likely linked to lower impurity incorporation which leads to less 
scattering of electrons, thereby increasing the mobility from 20 cm2/Vs to more than 100 cm2/Vs. These values 
are superior to the ones reported for 350 µm thick HVPE-grown m-plane GaN films on LiAlO2 which proves the 
high quality of our deposition process [20]. The anisotropic values for the mobility are even more astonishing 
because of the slightly higher effective electron masses for GaN in [0001] direction which theoretically should 
result in a ~12% lower mobility in this direction [21, 22]. However, in our case up to 20% higher electron 
mobilities along the GaN c-axis are detected. We think the most plausible explanation for this finding is the 
presence of extended planar defects in the GaN prism plane which scatter electrons in the [11-20] direction only. 
The fact that the measured electron concentration in Fig. 7 is not further decreased from 0.9 to 1.7 µm thickness 
may also be surprising here. One should keep in mind that every Hall result includes the parallel resistivity of 
deeper lying and more conductive layers. We therefore think that slight process variations play a bigger role here 
and no major reduction of impurities is taking place beyond a film thickness of ~1 µm. The actual donor 
concentration for thick layers is expected to be lower than the measured values. 
 
4 Conclusion  
We investigated m-plane GaN films of different thicknesses on LiAlO2 substrates to monitor the development of 
their anisotropic properties during growth. Steps aligned in (11-20) planes are observed at some critical thickness 
between 0.2 and 0.8 µm (depending on growth conditions) which is accompanied by a sudden anisotropic 
increase of the XRC FWHM. All films show polarized PL emission and a GaN NBE peak shift due to strain 
relaxation for larger film thicknesses. The larger residual strain is detected in the [11-20] direction which steadily 
relaxes until it reaches a final state at ~1 µm. This strain relaxation affects the optical properties by changing the 
valence subband energy separation and the degree of polarization. A large initial background electron 
concentration of ~1020 cm-3 is reduced to ~1019 cm-3 for thicker layers which can probably be ascribed to less 
incorporation of oxygen from the substrate. At the same time the electron mobility rises up to values above 
100 cm2/Vs. We detect significantly higher mobility in the [0001] direction. This effect as well as the 
observation of steps and strongly anisotropic FWHM values in XRC measurements may be explained by the 
generation of extended planar defects in the (11-20) prismatic plane during growth. Further studies on the 
character of these defects are ongoing. 
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Figures 
 
Figure 1: AFM surface scans of m-plane GaN film with a thickness of 0.2 µm (left) and 1.7 µm (right). 
 
 
Figure 2: Evolution of the XRC FWHM of the (1-100) reflection for both incident beam directions. The scans were taken in 
open detector geometry. 
 
 
Figure 3: XRD reciprocal space maps of a 1.4 µm thick m-plane GaN film for the (1-100) and (3-300) reflection measured 
with incident beam direction || c. Pronounced broadening of the reciprocal lattice point in QX for (1-100) compared to (3-
300) is expected for high BSF densities. All plots are in logarithmic scale. 
 
 
Figure 4: Measured strain of m-plane GaN films with various thicknesses. The dotted line represents the value for unstrained 
films. Both dashed lines indicate the nominal substrate-lattice mismatch in [0001] (green) and [11-20] (orange) direction. 
 
 
Figure 5: LT PL spectra of m-plane GaN film with a thickness of 0.3 µm and 1.7 µm. Only the signal with electric field 
vector polarized in [11-20] is displayed. The inset shows the data taken at RT (vertically shifted for clarity). 
 
 
Figure 6: Valence subband energy separation (E2-E1) and absorption edge for E1 || [11-20] at RT for various film 
thicknesses. The inset shows the degree of polarization (DoP) for various strain states in [11-20] direction. Solid lines are 
guides for the eye. The dashed line represents the values of valence subband energy separation and band gap at RT for 
unstrained GaN [14, 17]. 
 
 
Figure 7: Room temperature electron Hall mobility (measured in [0001] and [11-20] direction) and electron concentration 
of m-plane GaN films with different thicknesses. 
